anatomically realistic finite element models for simulating the structural dynamics of heart valves; 26 and 2) fluid structure interaction methods for simulating the performance of heart valves in a 27 patient specific beating left ventricle. It is shown that the significant progress achieved in both 28 fronts paves the way toward clinically relevant computational models that can simulate the 29 performance of a range of heart valves, native and prosthetic, in a patient-specific left heart 30 environment. The significant algorithmic and model validation challenges that need to be tackled 31 in the future to realize this goal are also discussed. 
Recent computational methods enabling patient-specific simulations of native and prosthetic 24 heart valves are reviewed. Emphasis is placed on two critical components of such methods: 1) 25 anatomically realistic finite element models for simulating the structural dynamics of heart valves; 26 and 2) fluid structure interaction methods for simulating the performance of heart valves in a 27 patient specific beating left ventricle. It is shown that the significant progress achieved in both 28 fronts paves the way toward clinically relevant computational models that can simulate the 29 performance of a range of heart valves, native and prosthetic, in a patient-specific left heart 30 environment. The significant algorithmic and model validation challenges that need to be tackled 31 in the future to realize this goal are also discussed. 
Introduction

35
It is estimated that valvular heart disease (VHD) prevalence and incidence are relevant in 36 industrialized countries (Iung and Vahanian, 2011) , with associated dramatic socio-economic 37 burden due to the need for surgical treatment and hospitalization, as well as to possible peri-and 38 post-operative complications (Iribarne et al., 2012) . A recent study performed in the United States 39 on a population of almost 12,000 patients lead to estimate VHD prevalence in 2.5%, with a 40 progressive increase with patients' age, up to 13.2% after 75 years of age (Nkomo et al., 2006) . 41 Among heart valves, the aortic valve (AV) and the mitral valve (MV), i.e. the outflow and inflow In the last two decades heart valve surgery has been characterized by major improvements, 46 thanks to the advent of increasingly effective surgical repair techniques and advances in prosthetic 47 heart valves. The most recent advance in this regard is represented by the introduction of 48 percutaneous devices, such as transcatheter AV implants (TAVIs) and mitral annuloplasty devices prerequisite for developing such tools, however, is the integration of state-of-the-art clinical 54 imaging with biomechanical computational approaches. 55 Clinical imaging 56 In the assessment of valvular morphology, echocardiography is the imaging technique of choice, 57 given its ease of use and comparatively low cost (Pennell et al., 2004) . Real-time 3D 58 echocardiography (RT3DE) allows to obtain detailed morphological and functional data on heart 59 valves either non-invasively or with limited invasiveness. Trans-thoracic (TT) and trans-esophageal 60 (TE) RT3DE are extremely valuable in the morphologic analysis of the MV, in the assessment of 61 aortic stenosis and to elucidate the mechanism of aortic regurgitation; in particular, TE-RT3DE is 62 recommended for guidance of interventional mitral valve procedures and of TAVI (Lang et al., 63 2012). On the other hand, multi-slice computed tomography (MSCT) and cardiac magnetic 64 resonance (CMR) have been shown to provide higher reproducibility than echocardiography in the 65 assessment of the AV annular dimensions (Jabbour et al., 2011) . Hence, multimodality imaging is 66 critical for improving the accuracy of AV measurements and reducing the chance for prosthesis 67 sizing errors in patients considered for percutaneous AV procedures (Holmes et al., 2012) . and for that their application has, for the most part, been restricted to study native and prosthetic 110 valves placed in simplified domains, e.g. straight axisymmetric aortic lumens (Griffith, 2012 
Modelling mechanical properties of tissues
173
Heart valve tissues are soft and hydrated with a composite and regionally-varying microstructure.
174
As a result, when tested ex vivo they undergo large strains and show a heterogeneous, 
194
Chordae tendineae were assumed linear elastic or isotropic hyperelastic (Table 2) . 335 In this section we present recent advances that pave the way toward fully realistic simulations of 336 heart valves in patient-specific left heart models. We start by presenting recent advances in FEM 337 modeling of the mitral valve followed by advances in FSI simulation of a BMAV driven by a beating, 338 anatomic LV. 
New approaches and recent advances
Patient specific structural analysis of healthy and prolapsed MVs
341
The modeling approach developed and initially tested few years ago (Votta et al., 2008 ) was 342 applied to derive MV patient-specific models from TT-RT3DE in two small cohorts: five healthy 343 volunteers (HMVs) and five patients affected by MV prolapse undergoing early surgery (PMVs). 344 Analyses were aimed at testing the approach capability to discriminate between healthy and 345 prolapsed MVs, as well as to capture the location and severity of the prolapse.
346
TT-RT3DE imaging was performed on all subjects. For PMVs only, intra-operative TE-RT3DE images 347 were acquired; volumetric datasets were analyzed off-line using the MVQ software, part of the Q- 348 Lab suite (Philips Medical Systems).
349
As in (Votta et al., 2008) , TT-RT3DE data were processed to obtain patient-specific information on 350 MV morphology at end-diastole (ED), when MV leaflets were assumed stress-free. Information wall is assumed to be rigid. The BMAV is treated as an immersed boundary in the aortic lumen 427 and its motion is calculated via the strongly coupled FSI approach of (Borazjani et al., 2008) . The 428 details of the overall formulation can be found in (Le, 2011) and (Le and Sotiropoulos, 2012a) . 429 To simulate the LV motion, we animate an anatomic LV chamber geometry, reconstructed from 430 MRI data of a healthy volunteer, by developing a lumped modeling approach. This approach, 431 which is described in detail in (Le, 2011) and (Le and Sotiropoulos, 2012b) Advancing toward a computational framework that can simulate a range of cardiac valves, native 483 and prosthetic, in patient-specific left heart models will require integrating the sophistication and To ensure that the resulting computational framework will be clinically relevant and useful, the 492 advances in computational modeling should proceed in tandem with carefully designed in vitro 493 and in vivo experiments to yield data for validating the computational models. 
